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Abstract  
Ball mill processing is an essential part of the mineral industry. Wear resistant 
materials, used as grinding media, can vary from Low Alloy Steels to High Alloy 
White Cast Irons. Literature suggests that their performance in abrasive conditions 
will depend significantly on environmental conditions. This project aims to understand 
the effect of environmental parameters on the relative performance of competing 
alloys in Ball Mill Abrasion Tests (BMAT). 
Two sets of experiments were designed for this project. The first set aimed to study 
the influence of mill rotational speed, while the second set analyzed the effect of the 
abrasive feed volume. It was found that the relative performance of white iron balls is 
strongly affected by the average abrasive particle size. For instance, in the first set, it 
was found that at speeds which promote higher comminution rate, and thus more 
rapid reduction in abrasive particle size, white cast iron balls showed better relative 
performance. In the second set, experiments with higher abrasive feed volume, thus 
with larger average abrasive particle size, showed a decrease in the relative 
performance of white iron balls.  
The observed trend of increased performance of white irons with increased ‘impact’ 
conflicts with the assumption that circumstances with higher levels of impact would 
be significantly detrimental to brittle materials such as white irons. The counter-
intuitive observations have been explained in terms of the interactions between the 
abrasive particles and the microstructure.  
White cast irons are composite alloys in which a eutectic network of chromium-rich 
carbides reinforces the steel matrix. The results suggest that large abrasive particles 
are more capable of damaging the carbide network.  
It was concluded that, for a given abrasive mineral type, the dominant parameter 
governing the relative performance of competing alloy classes in Ball Mill Abrasion 
Tests is the average abrasive particle size. Larger abrasive particles are more 
capable of damaging the carbide network in the white iron, thus decreasing the 
composite alloy’s wear resistance. It is suggested to abandon the common 
assumption that higher levels of ‘impact’ will necessarily lead to a decrease in the 
relative performance of white cast iron media.  
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1 Introduction 
A ball mill is a type of mineral grinding machine that utilizes the relative movement of 
metallic balls inside a rotating cylindrical structure to grind and blend minerals. When 
processing hard, abrasive rocks and minerals, these relative movements readily lead 
to the degradation of the components in the mill and the grinding media itself [1]. In 
large scale operations, this phenomenon can become a major issue since a frequent 
replacement of the media and structural parts may be needed. The financial losses 
include the cost of new components and the costs associated with stopping the mill 
operation (labour, lost production).  
The interactions of the grinding media with their surroundings, including the mill 
structure and the ore, result in deterioration by various mechanisms, including wear 
and corrosion. However, depending on their microstructural characteristics and 
environmental conditions, some materials may show a superior performance. 
Cast iron is a group of iron-carbon alloys with a carbon content greater than 2% [2]. 
In this thesis project, high-alloy white cast irons are used, which have a rich content 
in chromium carbides. The presence of these particles in the matrix of the alloy 
improves its performance in high-wear environments, insomuch as these carbides 
are generally harder than most of the abrasive minerals found in ores. However, its 
performance will strongly depend on whether these particles suffer from 
microfracture during operation. It is often assumed that as the mill operations tend 
towards more impactive conditions, relatively brittle materials such as white irons will 
show a poorer performance relative to homogeneous steels, due to an increase in 
micro-fracture related wear mechanisms. However, this assumption requires scrutiny.  
Even though there is knowledge of the mechanisms of material loss from the grinding 
media in typical ball mill operations, little research has been done on the influence of 
operating and environmental parameters on the performance of competing alloys in 
such conditions. Therefore, it is important to explore and understand the influence of 
these parameters on the performance of grinding media in Ball Mill Abrasion Tests 
(BMAT). 
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2 Aims 
The aims of this thesis project are:  
• To document and analyze the influence of the mill rotational speed in the 
performance of competing alloy classes in Ball Mill Abrasion Tests (BMAT). 
• To document and analyze the influence of the abrasive feed volume in the 
performance of competing alloy classes in BMAT. 
• To investigate whether the level of ‘impact’ experienced by the grinding media 
in BMAT is a governing parameter controlling the relative performance of 
competing alloy classes.  
• If (as suggested by some past student projects) ‘impact’ does not necessarily 
degrade the performance of white irons, then to understand the mechanisms 
by which mill operating parameters actually affect performance.  
3 Literature review 
3.1 Wear and Archard equation 
Wear refers to the damage, or gradual removal of material at its surface. It is the 
unintentional result of the interaction between a body and its environment. Noticeably 
there are several parameters that could influence this process including the nature of 
the body, the environment and the interface conditions between these two. A 
simplified expression for this process is known as the Archard equation. This 
equation predicts the wear rate of a material upon a sliding contact with an ideally 
rigid body [3]. The equation is given below. 
𝑊 = 𝐾𝐹 ∗ 𝑣𝐻(  
Where ‘K’ is a wear coefficient (dependent mostly on environment conditions), ‘F’ is 
the normal load, ‘v’ is the sliding velocity and ‘H2’ is the hardness of the soft material, 
or material of interest.  
From this mathematical expression, it is seen that wear rate is proportional to the 
contact force and the relative speeds at which the bodies move, and inversely 
proportional to hardness of the worn body. This comes from the fact that a larger 
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force is capable of producing a deeper indentation in the softer body, and therefore 
more material can be removed. Larger relative speeds can be seen as an increase in 
sliding distance covered per unit time, which evidently produces more material loss. 
On the other hand, as the hardness of softer body is increased, the wear rate is 
expected to decrease, since this parameter is a direct indication of the depth of 
indentation.  
It is important to mention however, that increasing the hardness of the softer material 
will not strictly increase its wear resistance in all circumstances [4]. This is due to the 
strong relationship between the hardness of the material and its fracture toughness. 
As the hardness is increased, fracture toughness tends to decrease. This makes the 
surface of the material more susceptible to micro-fracture around the indentation, 
leading to larger wear rates. Therefore, it is important to understand that an 
equilibrium of these properties is necessary in order to reach the optimum resistance 
of the material to wear. 
Additional parameters could be considered in the Archard equation, depending on 
the nature of the process. One of the dominant processes by which material is 
removed from the surface of the grinding media in ball mills is abrasive wear [4]. In 
this case, the wear coefficient ‘K’ could be divided into two coefficients named ‘K1’ 
and ‘K2’. ‘K1’ represents the sharpness of the abrasive, while ‘K2’ represents the 
proportion of debris removed from the softer body over the volume of the groove 
created by the abrasive [5]. It is clear that a sharper abrasive asperity (higher K1), is 
more capable of penetrating the surface of the softer body and generate a larger 
groove, leading to higher wear rates. ‘K2’ on the other hand carries more complexity, 
since it is governed by the wear mechanism, which in turn is controlled by several 
parameters. This will be further discussed in the following sections. 
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3.1.1 Abrasive wear 
Abrasive wear, which is predominant in ball mill operations [4], describes scenarios 
where hard asperities of one body are able to penetrate a softer body and remove 
material from its surface [6]. This type of wear can also be divided into two 
subgroups: two-body abrasive wear and three-body abrasive wear. In literature, 
however, there is no single interpretation of these terms. The dominant interpretation 
differentiates these two subgroups of abrasive wear by defining whether the abrasive 
particle is constrained (two-body) or is allowed to roll in-between the rigid bodies 
(three-body). For the alternative interpretation, the criteria used to define these 
abrasive wear subgroups is whether there is a counter body backing the abrasive 
(three body) or not. The figure below shows the process of two-body and three-body 
abrasive wear as defined by the alternative interpretation. 
 
Figure 1. Two-body and three-body abrasive wear 
It is evident that the terms ‘three-body’ and ‘two-body’ abrasive wear are not 
sufficient to characterize the wear process. These definitions only give information 
about the nature of the interaction between the body and its environment, but no 
specifics are given about the way the material is being removed from the body’s 
surface or the severity of the interaction. In order to further understand wear, it is 
necessary to define wear modes, referring to the ‘type of wear’; and wear 
mechanisms, which concentrates on the way material is removed from the surface, at 
microscopic levels [6].  
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3.1.2 Abrasive wear mechanisms 
Wear mechanism is understood as the means by which material is removed from the 
surface of the body. Three main mechanism of abrasive wear have been identified: 
micro-ploughing; micro-cutting and micro-fracture [7]. Micro-ploughing results in a 
substantial plastic deformation of the material, producing a trench like pattern. This 
mechanism does not strictly produce the removal of debris since the material is 
essentially pushed to the sides of the groove. Material loss however, can occur if the 
environment repeatedly produces these patters near existing grooves, leading to the 
chipping of the pre-deformed surface. 
Micro-cutting on the other hand, results in the efficient removal of material from the 
body’s surface. It resembles an ideal machining process, where the wear rates could 
be predicted by considering basic parameters such as the shape of the indenter, the 
force applied and the hardness of the soft material. Lastly, micro-fracture, is a 
mechanism usually associated with brittle materials. The material removal arises 
from a combination of micro-cutting and subsequent fragmentation of the material 
surrounding the groove [7]. The figure below illustrates the three abrasive wear 
mechanisms process. 
  
Figure 2. Abrasive wear mechanisms 
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3.1.3 Abrasive wear modes 
There are three main abrasive wear modes: Low stress abrasion, High stress 
abrasion and Gouging abrasion [6]. Their characteristics are summarized below:  
Low stress abrasion (LSA): The key factor that defines this wear mode is the non-
fracture of the abrasive. Due to the minimal contact stresses of this mode, and 
substantial sliding, the dominant mechanisms of material removal are micro-
ploughing and micro-cutting, and its effect can be visualized usually as fine scratches 
(although they may not be observable with the naked eye). This mode could also be 
called ‘sliding abrasion’ since the tangential sliding (in contrast with the normal load) 
is also one of the dominant factors [6]. 
High stress abrasion (HAS): In contrast with LSA, this mode does produce the 
breakage of the abrasive. When the abrasive is crushed, new sharp edges are 
formed, capable of producing high stresses and continue the wear process. The 
sliding motions are low to moderate, but due to the presence of sharp edges and 
higher contact forces (compared to LSA) the dominant wear mechanisms are micro-
cutting and micro-fracture. This is the principal mode found in ball mill operations [6]. 
Gouging abrasion: In this mode the stresses experienced are not only able to crush 
the abrasive but also cause significant deformation of the surface of the material. 
Substantial crushing is produced by this mode, and wear of the material is visible as 
deep grooves on the surface [6].  
From the definitions shown above, it can be deduced that the abrasive wear modes 
are strongly influenced by the nature of the interaction between the body and its 
environment. In ball mills the expected abrasive wear mode is High Stress Abrasion 
[8]. Abrasive wear mechanisms on the other hand, concentrate on the response of 
the material to this process. It is not possible however, to correlate an abrasive wear 
mechanism to ball mill operations. The main reason being the evident strong 
dependence of abrasive wear mechanisms to the properties of the worn material, 
such as hardness and fracture toughness. For instance, if ductile materials are used, 
micro-ploughing and micro-cutting are expected, and if brittle materials are used, 
micro-fracture is expected. However, this may not hold true in all scenarios given that 
wear mechanisms are also dependant on the abrasive properties, such as angle of 
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attack [7]. Therefore, special care must be taken when predicting the response of a 
material in abrasive wear conditions, since multiple important variables act 
simultaneously.  
In this thesis, white cast iron balls are used, which contain hard but brittle carbides 
surrounded by a metallic matrix. Considering as well that highly abrasive minerals 
are used, it is reasonable to suggest that the expected wear mechanisms for this 
material are micro cutting and micro-fracture. Because of the presence of brittle 
carbides in the matrix, and the tendency of brittle materials to perform poorly under 
impactive conditions, it could be assumed that conditions with high levels of impact 
inside a ball mill, would lead to the decrease in performance of these balls. This 
assumption however, requires examination. Accordingly, it will be explored in this 
project by using a laboratory ball mill. 
3.2 Ball mill 
A ball mill is a type of grinding machine that utilizes the relative movement of metallic 
balls inside a rotating cylindrical structure to grind and blend minerals. It is a crucial 
component in the mineral processing industry, since it is responsible for reducing 
minerals to the desired size range, before being further processed in production 
plants. In order to best simulate the response of the grinding media in industrial 
operating conditions, rather than use idealized but unrealistic laboratory devices, it is 
best to make use of a reduced sized ball mill.  
3.3 Important operating parameters 
From the numerous parameters that could be varied, the (1) Mill rotational speed and 
(2) Abrasive feed volume are convenient ways to manipulate the amount of ‘impact’ 
in the mill and hence to study the possible effects of ‘impact’ on the relative 
performance of different alloys which may be used to make the grinding balls.  
(1) Mill rotation speed and charge dynamics 
The motion of the charge inside the mill can be subdivided in three regions: 
cataracting; cascading and sliding zones. The cataracting zone is governed by high 
impact conditions, which are caused by the reentry of inflight balls. At reentry, the ball 
collides with the mill liner or other balls, crushing the abrasive found in-between. The 
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cascading zone, responsible for the tumbling motion, is described by those balls 
which roll on other charge surfaces in low-moderate impact conditions. The sliding 
zone is defined by the balls which slide against each other, producing larger shear 
stresses. This motion is found inside the charge and is able to grind the particles to 
very fine sizes.  The figure below shows the general locations of these regions in a 
mill. 
 
The dominance of any particular dynamic type (cataracting, cascading or crushing) is 
largely governed by the mill rotation speed. An increase in mill rotation speed would 
be translated as an increase in dominance of cataracting and sliding motions while 
medium to low speeds produce sliding motions mostly. It has been found in previous 
experiments that at 45% of the critical mill speed (speed at which centrifuging is 
reached), efficient grinding is obtained. This may be caused by a maximization of 
sliding motions, which are claimed to be more efficient for particle size reduction 
given that they produce higher effective contact area between the balls [7]. 
Cataracting  
Figure 3.- Charge dynamics inside a tumbling mill during operation 
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(2) Feed volume and interstices fill 
The amount of abrasive in a ball mill experiment can be defined based on the 
interstices volume. Interstices refers to the empty spaces in-between the volume 
occupied by the grinding media. The figure below shows a schematic where the 
spaces occupied by the grinding media, as well as the interstices volume can be 
visualized. 
 
 
 
 
 
 
 
 
 
Once the interstices volume is calculated (for a given metal charge amount), this 
parameter can be utilized as the basis to define the amount of abrasive to be used in 
each experiment. For example, in an experiment where the ‘feed volume’ is 350% of 
the interstices volume, it is expected to see that the total volume of the abrasive plus 
water is equivalent to 3.5 times that of the original interstices volume calculated.  
It must be pointed out that for the experiments analyzed in this thesis, the metal 
charge is kept constant (and so the interstices volume). By gradually increasing the 
feed volume in each experiment, and knowing that the metal charge is constant, it 
can be deducted that not only the percentage of interstices filled is increased but also 
the percentage of mill filled increases. It would be ideal to only change a single 
parameter and study its influence on the relative performance of WCI, however it is 
expected that the effect of both parameters is comparable and have a response with 
similar trends. For this reason, it was not found strictly necessary to keep one of 
these parameters constant. It was found rather convenient to alter both parameters 
at the same time in order to get an intensification of the response from the specimen 
balls. 
Specimen balls 
(grinding media) 
Interstices 
Figure 4.- Schematic representation of interstices volume 
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3.4 Impact quantification 
In this context, ‘impact’ is understood as the interaction or ‘collision severity’ 
experienced by the ball mill grinding media. It is known that test parameters such as 
mill diameter, ball size and mill rotation speed could be altered in order to increase 
the impact within a ball mill. The table below shows the trend of the degree of impact 
for different test parameters’ alterations.  
        Table 1. Change in degree of impact through modifications of testing conditions 
Degree of 
impact 
Mill 
diameter 
Mill rotation 
speed 
Grinding 
media size 
Abrasive Feed 
volume 
High Large High Large  Low 
Medium Medium Medium  Medium Medium  
Low Small Low Small High 
 
In order make the ball mill parameters comparable, an equation that compiles their 
influence has been generated. This equation assumes that the degree of impact is 
either directly or inversely proportional to the abovementioned parameters.  
 
𝐼𝑚𝑝𝑎𝑐𝑡	𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦	𝑖𝑛𝑑𝑒𝑥 = 𝑀𝑖𝑙𝑙	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑀𝑖𝑙𝑙	𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛	𝑠𝑝𝑒𝑒𝑑𝐷𝑟𝑦	𝑚𝑖𝑙𝑙	𝑓𝑖𝑙𝑙 ∗ 	𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙  
 
It is seen that the impact severity index is directly proportional to mill diameter and 
mill rotation speed, since the increase of these parameters would be translated as an 
increase in the impingement speed of the balls, clearly increasing the energy of the 
collisions. An increase in Mill Fill or Interstices Fill on the other hand, increases the 
cushioning between neighboring balls, decreasing the impact level. By using this 
equation, all experimental results can be compared against a common index, instead 
of depending on distinct independent parameters.  
   
 
 11  
3.5 Material selection for abrasive wear 
Wear inside a ball mill is inevitable. Nevertheless, it is possible to avoid gross mass 
losses by taking strategic approaches to this issue. In principle, one of the solutions 
to reduce wear would be isolating the body (grinding media) from the environment, 
which for obvious reasons is not possible and contradictory to the nature of the 
process. The second, and more convenient approach, is to change the material of 
the body of interest to one that better resists the environment to which it is exposed. 
Two of the most used materials for abrasive wear resistance are low alloy steels and 
high chromium white cast iron. Their performance, as suggested by literature, will 
change depending on the environmental characteristics. Therefore, there is 
presumably no ‘ideal’ material for all ball mill conditions. For this reason, it is 
important to test both materials under a wide range of mill conditions in order in learn 
the environmental circumstances under which each of them shows superior 
performance.  
3.6 Low alloy steel  
Steels are homogenous iron-carbon alloys with a carbon content less than 2.14% [9]. 
By modifying the microstructure through heat treatments, it is possible to enhance 
the abrasion resistance properties of steels. This is generally achieved by 
transforming the microstructure to martensite, which is relatively harder than other 
metastable phases. It is known that by increasing the hardness of the material, its 
wear resistance is increased (as a general rule), however martensitic microstructures 
also have a relatively low fracture toughness, which could promote unexpectedly 
large material loss under wear processes. This would be caused by the lower 
resistance of the material to the propagation of cracks, which can grow and generate 
detachment of the material surrounding the grooves generated in the process. This 
has been found to be true for a wide range of metals and ceramics [4]. For this 
reason, after quenching the steels are further heat treated (tempered) in order to 
increase their fracture toughness, and therefore prevent exaggerated mass loss 
through micro-fracture mechanisms.  
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3.7 High-chromium white cast irons 
Cast iron is a group of iron-carbon alloys with a carbon content greater than 2% [9].  
In contrast with steels, white irons are better seen as heterogeneous materials. Its 
metallic matrix surrounds very hard carbides (ceramic particles) which act as the 
reinforcing material. The hardness of these carbides is generally much higher than 
most ores and metals. This is the reason behind the modest resistance of white irons 
to harsh abrasive environments [4, 7].  
However, this resistance will only be maintained so long as the carbides do not suffer 
from micro-fracture [10]. If the carbides begin to fail, the material loss can increase 
significantly. In such circumstances, homogeneous materials such as hardened 
steels may represent a better choice. 
3.7.1 Factors affecting the wear resistance of white irons 
To better understand the response of white irons in abrasive environments it is 
crucial to know the main features that characterize this material. It is possible, for 
convenience, to treat white irons as metallic matrix composites. With this premise two 
constituents can be analyzed: the (1) Metallic matrix and (2) Chromium-rich carbides. 
(1) Metallic matrix: The specimen balls included in this project were heat treated 
with the aim of obtaining a martensitic matrix that is a much harder phase 
compared to other metastable microstructures. However, it must be pointed 
out that due of the nature of the process, the resulting microstructure is always 
a combination of martensite, retained austenite and secondary carbides [11]. 
The main role of this metallic matrix is to hold the carbides and avoid their 
spalling. For this reason, the specimens were further heat treated (tempered) 
in order to increase the toughness of the matrix and avoid exaggerated mass 
loss due to microfracture and spalling of the carbides. 
(2) Chromium-rich carbides: In high chromium white irons two main types of 
precipitated carbides can be found: M3C and M7C3 type [11]. Given the 
chemical composition of the specimen balls used for this thesis, it is expected 
for most of the carbides found to be of the M7C3 type. The hardness of this 
type of carbides is around 1400HV [11]. This is the main reason behind the 
high wear resistance of these irons, but as abovementioned, this benefit will 
be obtained as long as the carbides do not suffer from micro-fracture.  
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The relative amounts of each of these constituents can be described by the ‘Carbide 
Volume Fraction’ (CVF). This parameter is widely used in literature as an 
independent variable to explain the response of white irons. However, the use of this 
variable must be done with care since it does not entirely characterize the material. 
Other microstructure features should also be considered alongside.  
3.8 Abrasive wear tests 
3.8.1 Standard abrasive wear tests  
Several tests have been created to analyze the performance of materials under 
abrasive wear conditions. Two of the most common tests found in literature are Pin 
Abrasion Test (PAT) and Rubber Wheel Abrasion Test (RWAT). Pin abrasion tests 
consists of a rotating wheel with abrasive to which a pin (of the material to be 
studied) is pushed onto. The Rubber Wheel test, as the name suggests, makes use 
of a rotating wheel with a rubber lining. A sample (material of interest) is pushed 
against this rubber surface and abrasive is allowed to flow in-between.  
Zum Gahr [7], in the early 1980s, used these two tests to analyze the performance of 
various materials, including steels and white cast iron in abrasive conditions. In Pin 
Abrasion Tests, white cast irons seem to give a significant increase in wear 
resistance compared to steels. For instance, when 220 mesh alumina is used, 600% 
increase in wear resistance can be obtained from white cast irons. When 220 flint is 
used, white cast irons also give superior wear resistance compared to most steels, 
however certain grades are able to reach similar performances to those from white 
irons [7]. Albright and Dunn, using 150 mesh garnet in Pin Abrasion tests also 
showed that white cast irons can show an increase of wear resistance up to about 
550% when compared to steels of similar hardness [12].  
Diesburg and Gorik [13] made use of the Rubber Wheel Abrasion Test to analyze the 
performance of steels and white cast irons. The results, similar to those from Pin 
Abrasion Tests, show that white irons have a much greater wear resistance 
compared to steels. When compared to martensitic steels for example, white irons 
represent an increase of around 700% in wear resistance. The results from these 
tests however, have been shown to fail predicting accurately the performance of 
these materials in industrial relevant conditions [14]. This arises from the idea that 
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both tests do not represent High-Stress Abrasion conditions, as it was previously 
claimed [15]. For this reason, it is crucial to implement tests that could simulate 
conditions experienced in industry levels. 
3.8.2 Ball mill tests 
Even though Ball Mill Tests produce highly relevant and accurate results, it has not 
yet been used as extensively as standards tests like Pin Abrasion Test and Rubber 
Wheel Abrasion Test. One important research using a laboratory ball mill is that from 
Iwasaki, Moore and Lindeke [16]. They analyzed the influence of the mill size on the 
media wear. The results from this study were highly useful to understand the 
influence of such an important parameter on the wear rate of the media, however 
more attention was drawn to absolute wear rates rather than a comparison between 
alloy classes.  
Similarly, Radziszewski [17] investigated the contribution of corrosion in the total 
mass loss during operation. These tests however, did not give much information 
about the contribution of other operating parameters, such as mill dimension, 
grinding media type, abrasive type, etc. Lastly, Albertin and Sinatora, created what 
can be considered as one of the most systematically approached analysis available. 
Their experiments aimed to analyze the influence of different abrasive types as well 
as microstructural characteristics on the performance of various alloys [18]. Their 
experiments demonstrated that martensitic microstructures showed the best 
performance compared to austenitic and pearlitic matrices. In terms of the influence 
of the mineral type, they showed that the use of softer abrasives (hematite and 
phosphate rock) results in a significant reduction in wear rates of the balls. 
Additionally, it was found that when using soft abrasives, an increase in carbide 
volume fraction leads to a decrease in wear rates of white iron media. 
These experiments, although highly useful, did not explicitly address the effect of 
operating parameters on the performance of competing alloys. And as previously 
mentioned, a variation in operating parameters might produce a substantial change 
in the performance of the grinding media. Consequently, the results shown in such 
experiments may only be limited to certain conditions, not necessarily those found in 
industry. Accordingly, the influence of such important variables is being explored in 
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the current project, in order to provide a better understanding on the parameters 
controlling the performance of competing alloy classes.  
3.9 Factors influencing grinding media performance 
3.9.1 Effect of impact  
In the early 1990s it was believed that conditions that generated higher levels of 
‘impact’ (presumably those encountered in a ball mill) would produce greater mass 
loss due to a phenomenon named ‘impact-abrasion’. The idea behind this term was 
that abrasion and impact related damage could act synergistically, resulting in a total 
mass loss greater than that of pure abrasion. This concept was therefore used to 
explain the relatively poorer response of brittle materials, in comparison to their 
superior performance in low-stress abrasion conditions.  
Ratia et al. [19] analyzed the response of steel plates under impactive conditions. 
Their findings showed that the mechanism of material loss from the surface of the 
steel was not different to that found in abrasion wear conditions. By contrast, 
Lindroos et al. [20] using steel samples, Qian and Wang [21] using white iron 
samples, showed that initiation and propagation of cracks under repeated impacts 
was possible. The results however, did not show any evidence of abrasion and 
impact acting synergistically. Additionally, in Lindroos et al. experiments, cracks were 
visible in cases where the energy levels reached significantly high values, several 
times of that generated in an average size laboratory ball mill. 
Using this idea of impact-abrasion in the experiments analyzed in this thesis, it would 
be expected to see a poorer performance of white cast iron (relative to homogenous 
steels) as the level of impact is increased, either via increasing rotation speed or 
decreasing abrasive feed volume. However, experiments done by Gore and Gates 
[8] suggest that there is no evidence to claim the promotion of losses due to 
mechanisms defined as impact-abrasion in laboratory ball mills. It was further 
claimed that the unexpected poor response of brittle materials in the conditions 
similar to those in a ball mill are better explained by High-stress abrasion. 
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3.9.2 Effect of abrasive particle size 
Nathan and Jones [22] in early studies, demonstrated that for most engineering 
metals, as the abrasive particle size is decreased, the volume loss due to abrasive 
wear decreases. Below a ‘critical particle size’ the wear rates drop dramatically. 
Coronado [23] suggests that this dramatic decrease in wear rate is due to a change 
of wear mechanism. Below a certain abrasive particle size, the wear mechanism is 
thought to transition from micro-cutting to micro-ploughing, which generates grooves 
on the surface but minimal material removal.  
Trevisiol et al. [24] experimented with steels with different heat treatments. It was 
shown that the response of steels to different abrasive particle sizes depends 
primarily on its heat treatment. For instance, ‘Dual phase steels’ (treated with 
austenization, intercritical annealing and water quenching), showed a decrease in 
wear rates as the abrasive particle size increases. On the other hand, steels with 
quenched or tempered martensite showed an increase in wear rate as the size of the 
abrasive is increased. The latter results match with those obtained by Sevim and 
Eryurek  [25], who demonstrated more rigorously that wear rates of steels are 
inversely proportional to the square root of the abrasive particle size.  
The effect of abrasive particle size on particle reinforced materials has been studied 
to a lesser extent. Sahin and Ozdin [26] using reinforced aluminum, claimed that as 
the abrasive particle size decreases, the wear rates of the specimens decrease. It 
was also shown that samples containing higher amounts of reinforcing particles 
showed the best performance. Similarly, Zum Gahr, using a Pin Abrasion Test 
demonstrated that larger abrasive particle sizes generate larger mass losses to white 
cast iron samples [7]. However, these experiments only paid attention to absolute 
wear rates, and no comparison was done with the performance of steels in the same 
testing conditions. Finally, Souza et al. [27] claimed that in addition to the abrasive 
particle size, the parameter that greatly influences the response of particle reinforced 
materials is the morphology of the abrasive itself.  
One important concept in regards of particle reinforced materials performance under 
abrasive wear is the ratio of abrasive particle size to reinforcing particle size. 
Hutchings and Shipway claim that when the abrasive particle is much bigger than 
that of the reinforcing particles, the material behaves very much like a homogeneous 
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solid [28]. In this case, in order to achieve higher wear resistance, fine and dispersed 
hard particles are preferred. They claim that a more dispersed reinforcing phase 
leads to an increase in the flow stress of the matrix, translated as an increase in the 
resistance of the material to wear damage [28].  
In the case where the abrasive particle size is comparable in size to that of the 
reinforcing particles, the material behaves heterogeneously. In this scenario, 
depending on the nature of the abrasive, different mechanisms of material loss can 
occur. When the abrasive particle is relatively soft, matrix wear may be preferred, 
until the hard phase is removed by ‘pull-out’ [28]. On the other hand, if relatively 
harder abrasives are used, direct damage of the hard phase may occur readily. For 
this reason, when using relatively soft abrasives such as garnet, a decrease in wear 
rate is observed as the carbide volume fraction of white irons is increased. However, 
when harder abrasives are used such as silicon carbide, white irons show an 
increase in wear rates as the volume fraction of carbides is increased [28].  
Hutchings and Shipway’s results suggest that the performance of particle reinforced 
materials acting heterogeneously is hard to predict, due to its dependence on many 
material characteristics and testing conditions. Aside from the effect of the size of the 
abrasive in relation to the reinforcing particles, other parameters must be considered 
simultaneously. These include the toughness of the matrix, the strength of the 
interphase between the matrix and the hard particles, the load carried by the 
abrasive, its geometry and mechanical properties in general.  
The effect of particle size will be further studied in this project, knowing that a change 
in operating parameters is translated as a change in average abrasive particle size 
during operation. It is expected, due to recent studies, that this parameter will play an 
important role in the performance of the grinding media in ball mills.  
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4 Materials 
Ball mill: As Figure 5 shows, a 600mm diameter ball mill was used for all 
experiments. A small door located at the front face of the mill can be opened to 
facilitate the loading and unloading of the charge.  
 
The rotational speed of the mill can be modified though an external controller 
(variable frequency drive) which allows to input the rotation frequency of the motor 
connected to the mill. The testing mill speed for an experiment is determined by an 
Excel spread sheet, which also provides other important testing parameters such as 
amount of abrasive, metal charge volume, volume of water, etc.  
Specimen balls:  94 specimen balls were used in each experiment. Specimens were 
classified into three groups according to their carbon content. They are: SH (high 
carbon martensitic steels); XL (low CVF white cast irons); and XN (near-eutectic 
white irons). Each material group is comprised of alloys (20 in total), organized based 
on tempering temperature, alloying element concentration, etc. These are identified 
by specific labels found on the surface of each ball (e.g. +1, I, II, Y).  
Figure 5. Ball mill used for experimentation 
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The chemical composition of each alloy in these three groups is given below.  
Table 2. Chemical composition of the alloys used for experimentation 
  Alloy Composition (wt%)  
Alloy 
Group Alloy code C Cr Mo Cu Mn Si Ni CVF 
SH: 
Martensitic 
steels 
HR33-AR 0.51 0.26 0.03 0.26 0.69 0.21 0.10 
 HR42-AR 0.76 0.27 0.02 0.29 0.70 0.15 0.10 
HR32-AR 0.88 0.10 0.02 0.19 0.86 0.26 0.07 
XL: Low 
CVF white 
iron 
Y005 1.64 12.81 0.52 0.94 1.00 0.76 0.44 11 
Y007 1.92 15.14 0.52 0.93 0.67 0.69 0.45 16 
Y072 2.19 11.22 1.29 0.94 1.09 0.33 0.24 18 
Y002 2.30 16.53 0.52 0.56 0.92 0.79 0.46 22 
XN: Near 
eutectic 
white iron 
Y089C-AR 2.69 26.97 0.03 0.07 0.71 0.45 0.20 32 
Y089B-AR 2.76 21.18 0.01 0.08 0.31 0.43 0.18 30 
Y089A-AR 3.13 10.62 0.01 0.10 0.50 0.36 0.12 28 
Y027 2.96 21.33 0.48 1.38 0.79 0.86 0.37 32 
Y004 2.97 21.71 0.50 0.94 1.16 1.04 0.46 33 
Y066 3.28 16.17 1.24 0.94 0.80 0.71 0.26 34 
 
Make up charge: Inside the mill, ball specimens are generally not enough to achieve 
the desired volume fraction of grinding media to abrasives. Hence, extra grinding 
balls are added, and are referred as make up charge. By using make up charge it is 
possible to vary the grinding media volume without reducing the number of 
specimens in each experiment. However, for all experiments in this work, 6.4kg of 
60mm diameter ball have been used as make up charge.  
Water: Water was added in all experiments for health and safety reasons. Quartz 
and AFS sand are known to have high amounts of crystalline silica, which can be 
reduced to fine particle sizes, hazardous for humans. For all tests, the amount of 
water is equivalent to 1.5 times the weight abrasive used. 
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4.1 Wear quantification 
4.1.1 Experimental measurement 
The parameter used in this work to quantify ‘wear’ is the mass loss of each ball. An 
analytical scale was used to record the difference in weight of a specimen before and 
after the tests. The average of each material group mass loss is calculated as well as 
the standard deviation. However, the data in this thesis is not simply presented as 
‘weight loss’ but rather as ‘wear rate’ or ‘benefit ratio’.  
Wear rate: Given that not all specimens are of the same size, the mass loss of the 
specimen is divided its surface area (calculated from its volume). In order to account 
for differences in test duration, the normalized weight loss is also divided by this 
parameter.  
 𝑊𝑒𝑎𝑟	𝑟𝑎𝑡𝑒 = 𝑀𝑎𝑠𝑠	𝑙𝑜𝑠𝑠𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎 ∗ 𝑇𝑒𝑠𝑡	𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 
 
Therefore, the numerical data is presented with units of: mg*dm-2*hr-1 
Benefit ratio: This term refers to the ratio of steel media weight loss over that of an 
alloy of interest. For this reason, the results will show steel media to have a benefit 
ratio of ‘1’ across all experiments. The benefit ratio of WCI then is calculated as the 
wear rate of steels divided by that of WCI as shown below.  
 
𝐵𝑒𝑛𝑒𝑓𝑖𝑡	𝑟𝑎𝑡𝑖𝑜 = 𝑊𝑒𝑎𝑟	𝑟𝑎𝑡𝑒	𝑜𝑓	𝑠𝑡𝑒𝑒𝑙𝑊𝑒𝑎𝑟	𝑟𝑎𝑡𝑒	𝑜𝑓	𝑊𝐶𝐼  
 
4.1.2 Accuracy of measurement 
The weight loss measurement is done with a precision balance with an uncertainty of 
±1mg. Generally, the weight losses experienced by the specimen balls range from 
50mg to 150mg. Comparing the uncertainty of the balance to the weight loss of the 
balls, it is evident that the measurement error and standard deviation are very small. 
This is one of the reasons for the average standard deviation of weight losses inside 
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an alloy type to be around 5%. This shows that the tests presented in this thesis are 
highly reproducible and reliable.  
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5 Results (A): Effect of Mill Rotational Speed 
As discussed in previous sections, an alteration of the mill speed readily leads to a 
change in the charge dynamics inside the mill. It could be though that as the charge 
dynamics tend towards more impactive conditions, relatively brittle materials such as 
white irons will show a poorer performance due to an increase in micro-fracture 
related wear mechanisms. This assumption however must be inspected. Accordingly, 
this chapter will explore the influence of mill rotational speed on the wear rates and 
relative performance of white irons. 
5.1 Experimental design 
Six experiments were designed for this chapter. The variable parameter across the 
experiments is the mill rotational speed, varying from 15% to 85% of the critical mill 
speed as shown in the table below.  
                    Table 3. Experimental specifications for Effect of Mill Rotational Speed 
Test code A B C D E F 
Mill speed (% of 
critical) 15% 25% 35% 45% 65% 85% 
Interstices fill 150% 150% 150% 150% 150% 150% 
Mill fill 19% 19% 19% 19% 19% 19% 
Impact severity 
index 2.8 4.7 6.6 8.5 12.3 15.9 
 
As the mill rotational speed is increased, the impact severity index increases. 
Therefore, the results presented in this section will show the effect of increasing 
impact index via increasing rotational speed.  
Abrasive: A combination of quartz chips (<6mm) and AFS test sand (250µm) was 
used for these experiments.  
Test duration: Each test ran for 3.0 hours. This experiment duration is enough to 
cause significant wear in the specimen balls, thus obtaining small data scattering. 
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5.2 Results and discussion 
Absolute wear rates 
The absolute wear rate results are shown as mass loss per unit area per unit time 
(mg/dm2/hr). The horizontal axis corresponds to increasing impact severity index via 
increasing mill rotational speed.  
 
Figure 6. Absolute wear rates of grinding media at different mill rotational speeds 
 
It can be seen from the results shown above that the wear rates of the grinding 
media increases as the mill rotational speed is increased. This trend is mainly a 
result of the increase in revolutions (sliding distance) experienced by the charge as 
the mill speed is increased. Another possible cause for the increase in wear rates as 
the impact index increases is the increment in the proportion of grinding media 
experiencing sliding motion. In this type of charge dynamics, as previously 
mentioned, the tangential component of the ball interactions increases. Literature 
suggests that when a tangential force acts simultaneously with a normal force on a 
body (conditions found in sliding charge motion) the contact area between two solids 
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would be increased [7]. Evidently, an increase in contact area is translated as an 
increase in exposure of the ball to the abrasive leading to higher wear rates. 
Additionally, it is clear that sliding motions are capable of dragging the abrasive 
across the faces of the bodies, creating a more continuous groove than those 
generated by a static force only. The latter would only result in the localised 
deformation of the body around the contact point. 
In terms of the trend of the curves, it can be observed that the rate of change in wear 
rates for the three material groups seem to decrease as the mill speed is increased, 
suggesting that there is a speed at which the wear rates would peak. This 
phenomenon would occur because as the mill speed gets closer to the critical speed, 
the charge inside the mill starts experiencing centrifuging motion. It is known that this 
charge dynamics decreases the comminution rate and drops the wear rates of the 
media given that negligible relative motions occur. Therefore, if experiments at higher 
mill rotational speed are done, it is highly likely to observe a decrease in wear rates 
of the grinding media.  
Finally, it is notable that the gap between the wear rates for the different material 
classes increases as the mill rotational speed increases. At the highest mill speed it 
is clear that white iron media has a much lower wear rates compared to steel media, 
being normal near-eutectic or hypo-eutectic white iron the material with the lowest 
mass loss. These results could conflict with the general belief, which suggests that 
circumstances with higher levels of impact would be significantly detrimental to brittle 
materials such as white irons. Conversely, it is observed that for all experiments, 
especially those with high levels of ‘impact’, the wear rates of white iron always 
remain lower than that of steel media. 
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Benefit ratio 
The benefit ratio plot facilitates understanding and visualization of the benefit (if any) 
obtained by using white iron balls. A higher benefit ratio is an indication of a better 
‘performance’, or a lower mass loss relative to that of steel media. 
 
 
Figure 7. Relative performance of grinding media at different mill rotational speeds 
 
As the impact severity index increases, the benefit ratio from white iron media 
increases, having a maximum value at the index corresponding to 45% of the critical 
mill rotational speed, after which it slowly decreases. From these results it is evident 
that higher levels of impact do not necessarily imply a worsen performance of white 
iron media. To the contrary, it appears as the lowest impact levels result in a poorer 
performance compared to medium-high impact indices. In an attempt to explain the 
results obtained from this graph, a particle size distribution of the pulp was done for 
the shown tests as observed in the figure below.  
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Figure 8.- Cumulative distribution of pulp passing screen sizes 
This distribution can then be used to generate a 90% passing size graph, which 
indicates the mesh size for which 90% of the pulp will flow through.  
 
Figure 9.- 90% Passing size at different mill rotational speeds 
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It is observed that the minimum 90% passing size is obtained at 45% of the critical 
mill rotational speed, which is the point at which the maximum benefit ratio from white 
iron is obtained. In the same way, it can be seen that the particle size curve in 
general resembles the same trends obtained from the benefit ratio graph, being 
larger abrasive particles more detrimental to white iron media.  
This is strong evidence to support the hypothesis that the abrasive particle size is the 
main factor influencing the relative performance of media inside the mill. 
Furthermore, it is a motive to discontinue the use of the term ‘impact’ as a parameter 
to predict the performance of white iron grinding media. It has been shown that the 
relative performance of white iron would actually improve in most cases where the 
impact level is increased.  
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6 Results (B): Effect of Abrasive Feed Volume 
Altering the abrasive feed volume inside the mill is a very convenient way to 
manipulate the amount of ‘impact’ in the mill and hence to study the possible effects 
of ‘impact’ on the relative performance of different alloys which may be used to make 
the grinding balls. Compared to changing the rotational speed, which has a rigid 
upper limit, the abrasive feed volume can be varied across a very wide range of 
values, leading to a very broad span of impact indices.  
6.1 Experimental design 
Ten tests were designed for this chapter. The variable parameter across the tests 
was Abrasive Feed Volume. As mentioned in previous sections, by decreasing the 
abrasive feed volume the level of ‘impact’ is increased. Therefore, the graphs shown 
in following sections will display the results of wear rates and benefit ratio as a 
function of increasing Impact Index via decreasing abrasive feed volume. The 
experimental parameters in each test were adjusted in order to fulfil the detailed plan 
shown below:  
  Table 4.- Experimental specifications for Effect of Abrasive Feed Volume 
Test code L K A I B D E F J G 
Interstices 
fill 1500% 1100% 880% 760% 630% 320% 220% 150% 120% 100% 
Total metal 
charge (kg) 19.8 19.8 19.8 19.8 19.8 19.8 19.8 19.8 19.8 19.8 
Total pulp 
volume (L) 29.64 21.74 17.40 12.40 8.90 6.30 4.30 3.00 2.00 1.30 
Mill speed 
(% of 
critical) 
45% 45% 45% 45% 45% 45% 45% 45% 45% 45% 
Mill fill 60% 45% 37% 32% 25% 15% 12% 9% 8% 6% 
Impact 
severity 
index 
0.5 0.8 1.2 1.6 2.1 5.9 10 16.4 21.7 27 
 
It is important to note that these variations can be all obtained at once by simply 
altering the amount of abrasive feed volume.  
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Abrasive: AFS test sand with an average particle size of ~0.25mm was used for all 
tests. It is expected for this abrasive to cause relatively high wear for all specimen 
balls. This behavior is explained largely by the high hardness and angularity of the 
particles. In addition, because of the well-defined particle size range and 
homogeneity, this particular abrasive produces data with little scatter, making the 
results more reliable compared to weaker abrasives. 
Test duration: Each test ran for 2.5 hours, enough to cause significant wear in the 
specimen balls, thus smaller data scattering.  
6.2 Results and discussion 
Absolute wear rates 
The absolute wear rate results are shown as mass loss per unit area per unit time 
(mg/dm2/hr). The horizontal axis corresponds to the logarithmic scale of the impact 
severity index.  
 
Figure 10. Absolute wear rates of grinding media at different abrasive feed volumes 
Figure 10 shows that the mass losses from steel media do not have a clear nor 
monotonic trend of wear rates as the impact index changes. The values of wear rates 
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fluctuate at around 240mg/dm2/hr for most tests. For the highest impact index 
however, the mass loss reduces significantly. On the other hand, the curves for white 
irons clearly show that the wear rates slowly decrease as the impact index is 
increased. A trend shared by white iron and steel media is the significant drop of 
wear rates at the highest impact index (lowest abrasive feed volume).  
As mentioned in previous sections, a decrease in abrasive feed volume results in the 
decrease of average abrasive particle size during operation. The lower the abrasive 
feed volume is, the less time (and energy) is required to reduce the particles to a 
certain size. With this premise, it should be then possible to correlate the mass 
losses with the abrasive particle size across all experiments. Trevisiol et al. [24] 
found that for martensitic steels (tempered or quenched only), the wear rates would 
decrease at a low rate as the abrasive particle size is decreased. Below a 'critical 
particle size’, the wear rates drop significantly, which matches greatly the results from 
this experiment. Similarly, Nathan and Jones [24] found this trend by using several 
engineering metals, including steel. Their findings showed that the wear rates from 
steels remain fairly constant for a wide range of abrasive particle sizes, and drop 
significantly below a critical abrasive particle size, as seen in the results above. 
Using the same concept of abrasive particle size, it could be seen that white irons are 
more sensitive to this parameter compared to steels. As the abrasive feed volume is 
decreased (and so the abrasive particle size) the absolute wear rates decrease. 
Knowing also that white irons obtain great part of their wear resistance due to the 
presence of carbides, it can be suggested that bigger abrasive particles are more 
capable of damaging these hard structures, therefore leading to larger wear rates. It 
is possibly for this reason, that the wear rates of Low-CVF white irons are remarkably 
similar to that of the steel media at low impact indices. At these levels, the abrasive 
particles are robust enough to penetrate the surface of the white iron and cause 
damage of the carbides, resulting in negligible benefit.  
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Benefit ratio 
The figure below shows the benefit ratio graph as a function of Impact severity index 
via decreasing abrasive feed volume. 
 
Figure 11. Relative performance of grinding media at different abrasive feed volumes 
In order to understand the figure above, it is convenient to divide the graph in two 
sections: (1) Normal Impact Severity Index region (impact index greater than 1) and 
(2) Very Low Impact Severity Index (impact index lower than 1).  
(1) Normal impact severity index: This region shows an increase in benefit 
ratio from both white iron groups as the impact level is increased. This means that as 
the abrasive feed volume (seen as a percentage of the interstices volume) is 
decreased, the wear rates of white irons relative to steels decreases. Using the 
impact-abrasion concept, it could be believed that the performance of white irons 
would decrease as the impact level is increased. These results however, clearly 
demonstrate that the performance of white irons in these conditions is not 
deteriorated by the increase of ‘impact’. To the contrary, it is shown that the relative 
performance of both white iron groups increase as the impact level is increased.  
This leads to suggest that the concept of ‘impact’ is not relevant in conditions similar 
to those in a laboratory ball mill, and other parameters need to be considered in order 
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to understand the behaviour of the media. As mentioned in previous sections, the 
other parameter that could have a major contribution to the wear rate of materials in 
abrasive environments is the abrasive particle size. Accordingly, the particle size 
distribution of the resulting pulp from two experiments was measured.  
 
Figure 12.- Cumulative proportion passing each screen size 
It can be seen that at lower percentages of interstices filled (lower feed volume), the 
product particle size decreases. Evidently, at lower abrasive feed volumes, the 
process takes less time to reduce the abrasive particle size to a certain range. It is 
argued that these smaller abrasive particles are not as capable to break the carbides 
present in the white iron matrix compared to larger abrasive particles. This is thought 
to be the reason for the gradual increase in benefit as the abrasive feed volume is 
decreased. It is therefore claimed again, that the abrasive particle size is one of the 
most significant factors dictating not only the absolute wear rates but also the relative 
performance of white iron media in Ball Mill Tests.  
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(2) Very low impact severity index: Based on the ‘particle size’ concept 
presented previously it could be thought that at very low impact indices the benefit 
ratio would further decrease. However, the graph above indicates that the benefit 
ratio increases below a certain index value. This suggests that particle size, although 
highly important, is not sufficient to predict the behaviour of white irons by itself.  
It is proposed that this behaviour might be a result of insufficient interaction force 
between balls and abrasive. It must be emphasised that at these levels of impact 
indices, the amount of abrasive increases significantly, creating a ‘bed’ of abrasive in-
between the balls. It is thought that the dominant wear mode in this scenario 
resembles more closely low stress abrasion. Due to the enclosure of the grinding 
media by a bed of abrasive, the contact forces are significantly reduced. This would 
limit the breakage of the abrasive and subsequent creation of sharp edges capable of 
generating high stress abrasion. 
The abrasive surrounding the balls would flow across their surface without being 
constrained by a rigid counter body. Presumably, this reduction in the severity of 
interaction between the abrasive and the matrix reduces the possibilities of breaking 
the hard and brittle carbides found in the white iron structure. In order to confirm this 
hypothesis, a particle size analysis of the resulting pulp from these experiments was 
done. This analysis showed a minimal crushing of the abrasive, important feature 
characterising low stress abrasion.  
In summary, when relatively low amounts of abrasive are used and high stress 
abrasion conditions are satisfied, an increase in benefit ratio will be observed as the 
abrasive feed volume is decreased. On the other hand, if the amount of abrasive 
increases significantly, and high stress abrasion conditions are no longer satisfied, an 
increase in abrasive feed volume may not result in a decrease in benefit ratio. It is 
suspected that when a very large abrasive feed volume is used, the dominant wear 
mode transitions to low stress abrasion, and the abrasive particle size does not 
control directly the relative performance of media in ball mill tests.  
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6.4 Further data processing 
An interesting feature to be highlighted from the results is that the benefit ratio curve 
can fit in an almost perfectly linear relationship when the horizontal axis is 
transformed to logarithmic scale. The figure below shows the benefit ratio graph of 
Group 2 (Low-CVF WCI) including the region of ‘Normal impact severity index’ only.  
 
Figure 13. Relative performance of grinding media at 'Normal impact severity indices' 
It can be seen that there is a strong linear correlation between the benefit ratio 
obtained by white irons and the impact severity index. Based in this premise, it is 
possible to state that the general trend for this data is as follows:  
 
Where 𝜑 is the benefit ratio, 𝐼 the impact severity index, 𝐶C is the slope of the curve 
and 𝑀 is a coefficient proportional to the ‘minimum benefit ratio’. However, further 
mathematic steps can be done in order to write this equation as a function of a 
measurable and more industry relevant parameter such as percentage of interstices 
filled as shown below. 
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Note that in this version of the equation the independent variable is governed by a 
constant 𝐶( which is purely related to test conditions (mill speed, mill fill, etc), and 
Dry interstices filled (DIF). Moreover, since the impact severity index is a function of 
dry interstices filled and mill fill (which in turn is a function of dry interstices filled), a ‘-
2’ is obtained in the derivation as a multiplying coefficient. Mathematically there is no 
particular motivation to keep two multiplying coefficients separately (‘-2’ and ‘C1), 
however the ‘-2’ is left explicitly in the equation to emphasise that the effect of 
decreasing the percentage of interstices filled is intensified since the percentage of 
mill fill is decreased at the same time.  
From this derivation it is seen that two important parameters can be extracted: the 
coefficient proportional to the minimum benefit ratio, and the slope of the curve. The 
minimum benefit ratio, as the name implies, could reveal what the smallest benefit 
from the white iron is, while the slope could predict the benefit ratio at other 
experimental conditions (at different impact severity indices). If these two coefficients 
are extracted for every alloy group studied in this thesis, the following information is 
obtained.  
                Table 5. Values of 'M' and 'C1' coefficients for different alloys 
Alloy code CVF Cr/C M coefficient C1 coefficient 
Y005 11.81 7.58 1.08 0.0661 
Y007 16.58 7.68 1.06 0.0856 
Y072 17.92 5.14 0.91 0.0678 
Y002 22.03 7.02 0.83 0.0826 
Y089A-AR 29.23 3.39 0.98 0.1479 
Y089B-AR 30.48 7.67 1.27 0.2499 
Y089C-AR 32.8 10.63 1.25 0.1349 
Y027 33.03 7.21 0.87 0.1063 
Y004 33.36 7.31 0.96 0.1054 
Y066 34.14 4.93 0.85 0.1031 
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From the two coefficients mentioned, M is of special interest since it has the biggest 
influence compared to C1. The M coefficient can directly give a rough estimation of 
how well a specimen ball performs in a given test. It is believed that this coefficient is 
dependent on two main factors: mineral type and ball material. For the first factor, it 
has been shown in previous experiments that ‘weaker’ abrasives will produce a 
higher benefit ratio (larger M) [29]. This is because weaker abrasives do not cause 
severe fracture of the chromium rich carbides in the white irons compared to 
‘harsher’ or stronger abrasives. Ball material, on the other hand is more complicated 
to characterise and understand since there are numerous parameters influencing the 
performance of a given material including: hardness; toughness; microstructural 
features; etc. Given that the samples of interest are white iron, and that the particle 
reinforcing principle has a strong influence in characterising this material, CVF (a 
measure of the amount of reinforcing material) is considered. The figure below shows 
the minimum benefit ratio as a function of CVF.  
 
Figure 14.- 'M' coefficient versus CVF of different alloys 
The blue highlighted region corresponds to Group 2 (low CVF white irons), while the 
green region encloses Group 3 (near eutectic white irons). It can be seen in the 
figure above that for Group 2, as the CVF is increased, the minimum benefit ratio 
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decreases. On the other hand, Group 3 does not seem to have a strong correlation 
between benefit ratio and CVF, reason for which they are not further analysed in this 
thesis. These findings suggest that CVF is not sufficient to characterise the whole 
spectrum of white irons (or at least near eutectic WCI) in the ball mill tests presented, 
so further considerations may be needed. For this reason, attention is drawn to the 
trends found in Group 2 only.  
In order to check the reliability of the data obtained from Group 2 white irons, it is 
necessary to confirm that this trend is obtained at different conditions.  The figure 
below shows the benefit ratio vs CVF of Group 2 white irons in different experiments.  
 
Figure 15. Benefit ratio vs CVF of Hypoeutectic WCI 
It can be seen that for the three experiments included in the graph, the benefit ratio 
decreases as the CVF is increased. This trend is also obtained in the rest of 
experiments (other percentages of interstices filled) but this data is not included for 
presentation purposes. It is then possible to state confidently that the benefit ratio 
obtained by Group 2 white irons decreases as the CVF is increased, and that this 
trend does not only occur in the minimum benefit condition, but in all other conditions. 
The possible reasons for this response obtained from Group 2 could be explained by: 
(1) Microstructural features and (2) Particle-reinforced material principles. 
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(1) Microstructural features: Group 2 can be classified as what Laird names 
‘Strongly hypoeutectic’ white irons [11]. This particular subgroup of white irons 
is formed by those with a very low volume of carbides (approximately less 
than 20%). It is expected for this type of white irons to produce a 
microstructure containing very fine ‘blade like’ carbides between interdendritic 
spaces. Due to their morphology, these carbides are thought to be more 
fragile compared to those from eutectic white irons. As the amount of this 
fragile microstructure is increased, the white iron could be more susceptible to 
spalling or micro-fracture of the carbides.  
 
(2) Reinforcing particle size: Given that the size of the reinforcing particles is 
relatively small, they are also prompt to be ‘scooped’ out of the matrix or 
fractured by the environments’ action [30]. In this scenario, the increase in 
amount of reinforcing particle does not lead to a better performance (as it may 
be generally assumed), since the characteristics of the particles are such that 
they actually reduce the ability of the white irons to resist abrasive wear.  
 
These findings are sufficient to suggest that an increase in CVF in white irons will not 
necessarily lead to an improvement in the performance of the specimens in ball mill 
tests. Even though the number of reinforcing particles is increased (which could be 
though to be beneficial), the performance may or may not improve, as these results 
show.  
Finally, in regards of Group 3 (near eutectic white irons), it is seen from Figure 14 
that the benefit ratio values are spread across a wide range. From literature it was 
expected for eutectic white irons to show the best performance (or at least higher 
than strongly hypoeutectic white irons), however this statement cannot be confirmed 
based on the data found. Making such generalization would be misleading as some 
samples from Group 3 show similar or worse performance than samples from Group 
2. It is important to highlight however, that two specimen balls from Group 3 showed 
exceptional performance: Mag-A and Mag-C, both having significantly high benefit 
ratios across different experiments. Further studies must be done on this particular 
group, with the possibility of including other characterising parameters. 
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6.5 Physical micromechanics 
The results and discussion presented suggest that the abrasive particle size is the 
governing parameter in ball mill abrasion tests. A possible explanation for this 
phenomenon could be based on two important arguments found in literature. The first 
argument is that presented by Hutchings and Shipway, who claim that if the abrasive 
particles are comparable in size to the reinforcing particles, then the solid would act 
as a heterogeneous material [28]. In this scenario, matrix removal is preferred. The 
second argument is that presented by Coronado, who suggests that when the 
abrasive particle size drops below a critical value, the wear mechanism transitions 
from micro-cutting to micro-ploghing [23].  
What is being proposed as a possible explanation for the increase in benefit ratio 
from white iron media as the abrasive particle size decreases, is a combination of 
these two ideas. As the abrasive particle size decreases through the grinding 
process, the proportion of particles falling below the critical size increases. When this 
occurs, the abrasive particle size gets closer (or smaller) to the reinforcing particles in 
the WCI microstructure. Therefore, the abrasive particles will more likely interact with 
the softer matrix rather than damaging the hard-reinforcing particles. Additionally, 
given the increase in number of particles below the critical size, it is possible for the 
dominant wear mechanism in the matrix to be micro-ploghing. The simultaneous 
action of these two phenomena would result in a WCI microstructure with prominent 
carbides, and a matrix damaged primarily by micro-ploghing wear mechanisms.  
In the case where the abrasive particle size is above the critical value and much 
bigger than the size of the reinforcing particles, the body would act homogeneously. 
In this scenario, damage of the carbides is inevitable, and the dominant wear 
mechanism would be a combination of micro-cutting and micro-fracture of the matrix 
and reinforcing particles. 
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7 Conclusions 
From the results and discussion shown in this work it is concluded that: 
• An increase in mill rotation speed leads to an increase in absolute wear rates 
of the grinding media, mainly caused by the increase in sliding distance 
experienced by the charge per unit time. 
• Mill rotational speeds that promote higher comminution rate lead to an 
increase in benefit ratio obtained from WCI. 
• As the abrasive feed volume in the mill is decreased, the benefit ratio from 
WCI media increases.  
• The results suggest that the abrasive particle size is the parameter controlling 
the relative performance of grinding media in BMAT. Conditions that promote 
faster reduction of the average abrasive particle size, lead to an increase in 
benefit obtained by WCI.  
• No evidence was found to support the idea that ‘impact’ is a governing 
parameter in the performance of media in BMAT. The results suggest that 
their response is essentially a function of the abrasive process.  
It is recommended: 
• To discontinue the use of the term ‘impact’ as a parameter to predict the 
performance of white iron grinding media in BMAT. It has been shown that 
their relative performance would actually improve in most cases where the 
impact level is increased. 
• To investigate which alloy parameters control the relative performance of 
grinding media in BMAT. CVF was found to be insufficient to characterise their 
performance in the experiments shown.  
• To continue with the refinement of the mathematical model presented, able to 
predict the relative performance of media as a function of mineral and alloy 
characteristics. 
• To analyse the surface of the media through SEM after experimentation to 
correlate the findings with specific wear mechanisms. 
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9 Appendix 
9.1 Derivation of mathematical model for Results (B) 
 𝜑 = 𝐶C ∗ log(𝐼) + 𝑀 
 
The impact severity index ‘I’ can be defined as:  
 𝐼 = 𝑀𝑖𝑙𝑙	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑀𝑖𝑙𝑙	𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛	𝑠𝑝𝑒𝑒𝑑𝐷𝑟𝑦	𝑚𝑖𝑙𝑙	𝑓𝑖𝑙𝑙 ∗ 	𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙  
 𝜑 = 𝐶C ∗ log J𝑀𝑖𝑙𝑙	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑀𝑖𝑙𝑙	𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛	𝑠𝑝𝑒𝑒𝑑𝐷𝑟𝑦	𝑚𝑖𝑙𝑙	𝑓𝑖𝑙𝑙 ∗ 	𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙 K + 𝑀 
 
In this form, the only two variables are Dry Mill Fill and Dry Interstices Filled, which 
can be expressed as follows:  
 𝐷𝑟𝑦	𝑚𝑖𝑙𝑙	𝑓𝑖𝑙𝑙 = 𝐷𝑟𝑦	𝑐ℎ𝑎𝑟𝑔𝑒	𝑣𝑜𝑙𝑢𝑚𝑒𝑀𝑖𝑙𝑙	𝑣𝑜𝑙𝑢𝑚𝑒	 = 𝑣𝑜𝑙. 𝑜𝑓	𝑚𝑒𝑡𝑎𝑙 + 𝑣𝑜𝑙. 𝑜𝑓	𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑀𝑖𝑙𝑙	𝑣𝑜𝑙𝑢𝑚𝑒	  
 𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙 = 𝑀𝑖𝑛𝑒𝑟𝑎𝑙	𝑣𝑜𝑙𝑢𝑚𝑒𝐼𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑣𝑜𝑙𝑢𝑚𝑒	 
 
However, Dry Mill fill can be written as a function of Dry Interstices Filled as follows:  
 
𝐷𝑟𝑦	𝑚𝑖𝑙𝑙	𝑓𝑖𝑙𝑙 = 𝑀𝑒𝑡𝑎𝑙	𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑀𝑖𝑛𝑒𝑟𝑎𝑙	𝑣𝑜𝑙𝑢𝑚𝑒𝑀𝑖𝑙𝑙	𝑣𝑜𝑙𝑢𝑚𝑒	 ∗ O 1𝐼𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑣𝑜𝑙𝑢𝑚𝑒QO 1𝐼𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑣𝑜𝑙𝑢𝑚𝑒Q 
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𝐷𝑟𝑦	𝑚𝑖𝑙𝑙	𝑓𝑖𝑙𝑙 = 𝑀𝑒𝑡𝑎𝑙	𝑣𝑜𝑙. +	𝑚𝑖𝑛𝑒𝑟𝑎𝑙	𝑣𝑜𝑙.𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑣𝑜𝑙.𝑀𝑖𝑙𝑙	𝑣𝑜𝑙𝑢𝑚𝑒𝐼𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑣𝑜𝑙.	 = 𝐴 + 𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙𝐵  
 
With this form, the Dry Mill Fill is purely a function of Dry Interstices Filled. Combining 
all parameters in the same equation, the following is obtained: 
 
𝜑 = 𝐶C ∗ logS 𝑀𝑖𝑙𝑙	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑀𝑖𝑙𝑙	𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛	𝑠𝑝𝑒𝑒𝑑𝐴 + 𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙𝐵 ∗ 	𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙T + 𝑀 
 𝜑 = 𝐶C ∗ log J 𝐶(	𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙(K + 𝑀 
 𝜑 = 𝐶C ∗ log(𝐶( ∗ 𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙U() + 𝑀 
 𝜑 = −2 ∗ 𝐶C ∗ log(𝐶( ∗ 𝐷𝑟𝑦	𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑐𝑒𝑠	𝑓𝑖𝑙𝑙) + 𝑀 
